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ELECTRONIC PHASE SHIFTER 

BACKGROUND OF THE INVENTION 

This invention relates to a phase shifter. 
Various applications in telecommunications require con 

tinuously variable phase shifters. Variable phase shifter 
designs typically rely on the use of delay lines of a Specified 
electrical length, variable resistors, or variable reactance 
components. 

It is often desirable to fabricate a phase shifter monolithi 
cally on an integrated circuit (IC). In Such instance, com 
ponents which can provide a reactance controlled by an 
applied Voltage or current, Such as Varactor diodes and/or 
field effect transistors (FETs), may be used. However, some 
IC processes may not provide Suitable components for Such 
an application which presents a hurdle to their use in a 
monolithic IC (MIC) phase shifter. This is the case with 
many bipolar IC processes. Further, even for processes 
possessing the required variable reactance components, an 
architecture avoiding variable reactance components may be 
preferred. 
A bipolar component phase shifter design which avoids 

variable reactances is disclosed in U.S. Pat. No. 4,833,340 
issued May 23, 1989 to Deguchi. In Deguchi, a resistor 
capacitor (RC) network Splits an input signal, e, into two 
Signals, e and e2, each having a predetermined amplitude 
and phase shift with respect to the input Signal dependent 
upon the values of the resistors and capacitors. These two 
signals are then applied to a Gilbert Cell Multiplier (GCM) 
which comprises three differential pair amplifiers, herein 
referred to as differential pairs. More particularly, e inputs 
a first differential pair of the GCM and e inputs a second 
differential pair of the GCM. The gain of these two differ 
ential pairs is driven by a phase shift control Signal input via 
the third differential pair of the GCM. At the output of the 
device, e and an inverted version of ea are vectorially 
Summed to obtaine, which has a phase shift with respect 
to e. In a complementary fashion, the gains of the first and 
Second differential pairs can be adjusted to control the 
amplitude of e and e So that a Selectable phase shift with 
respect to e can be obtained. 

There are a number of drawbacks to this design. 
The frequency response varies drastically with phase 

control from a pure low-pass response at one extreme to a 
pure high-pass one at the other and at high frequencies it is 
strongly influenced by the input characteristics of the GCM. 
Further, the out-of-band gain is higher than the Signal gain 
and very broad over most of the phase range. This can cause 
problems with noise, unwanted Signals and harmonics, and 
their variation with phase control. 

The Subject invention seeks to provide a phase shifter 
which may be used with high frequency input Signals and 
may be fabricated on a bipolar MIC. 

SUMMARY OF THE INVENTION 

According to the present invention, there is provided a 
phase shifter for an input Signal, comprising: a first resonator 
tuned to a frequency less than that of Said input signal; a 
Second resonator tuned to a frequency higher than that of 
Said input Signal; a weighting circuit for, responsive to a 
control Signal, applying a magnitude adjusted form of Said 
input Signal to each of Said first resonator and Said Second 
resonator; a Summing circuit for Summing an output of Said 
first resonator and an output of Said Second resonator to 
obtain a phase shifted output signal. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

In the figures which describe example embodiments of the 
invention, 

FIG. 1 is a Schematic diagram of a phase shifter made in 
accordance with this invention, 

FIG. 2 is a graph illustrating an operating point of the 
phase shifter of FIG. 1, 

FIG. 3 is a phasor diagram illustrating operation of the 
phase shifter of FIG. 1, and 

FIGS. 4 to 6 are Schematic diagrams illustrating a pre 
ferred embodiment of this invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Turning to FIG. 1, a phase shifter 10 comprises a weight 
ing circuit 12 for receiving an input signal on line 14 and a 
phase control Signal on line 16. The weighting circuit 
outputs on lines 18 and 20. Output line 18 is coupled to a 
first resonator 22 and to a Summing circuit 24. Output line 
20 is coupled to a Second resonator 26 and to the Summing 
circuit 24. The Summing circuit outputs on line 28. 
The first resonator is tuned to a frequency less than that of 

the input signal and the Second resonator is tuned to a 
frequency higher than that of the input signal. AS will be 
appreciated by those skilled in the art, the phase of a signal 
in a resonator varies with frequency, with the phase passing 
through 0 at the resonant frequency. If the first and second 
resonators are parallel resonators, their variation of phase 
with frequency may be represented by FIG. 2, with curve 32 
representing the frequency dependent phase of a signal in 
the first resonator and curve 34 the frequency dependent 
phase of a signal in the Second resonator. AS shown in FIG. 
2, the resonant frequency for the first resonator is at f, the 
resonant frequency for the Second resonator is at f, and the 
frequency of the input Signal is between the two resonant 
frequencies, at f. From FIG. 2 it will readily be apparent 
that if the input signal is applied to the first resonator, its 
phase will be retarded by 0 and if the input Signal is applied 
to the Second resonator, its phase will be advanced by 0. 
FIG. 3 is a phasor diagram illustrating the same result with 
S., representing the input signal, S the Signal applied to the 
first resonator, and S the Signal applied to the Second 
reSOnator. 

In operation of the phase shifter of FIG. 1, with an input 
Signal, s, arriving on line 14, responsive to a control signal 
arriving on line 16, the weighting circuit 12 applies a 
magnitude adjusted form of the input signal to each of the 
first resonator 22 and the Second resonator 26. For example, 
the weighting circuit could triple the magnitude of the input 
Signal when applying Same to the first resonator and double 
the magnitude of the input signal when applying Same to the 
Second resonator. FIG.3 illustrates these magnitude adjusted 
Signals applied to the first and Second resonators as S and 
S', respectively. 
The Summing circuit 24 Simply adds the Signals applied to 

the resonators to obtain an output Signal, S., which is 
passed to line 28. The addition of the Signals in the resona 
tors is represented by vector addition of the phasors of FIG. 
3, with the Signal, S., resulting in the case where the 
magnitude adjusted Signals in the first and Second resonators 
are S and S2', respectively. 

It will be apparent that by an appropriate choice of the 
magnitude of S and S2, the output signal, S., has a chosen 
phase anywhere between the phase of S and the phase of S. 
The weighting circuit could be a non-amplifying current 

divider or Steerer controlled by a control signal. However, in 
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Such case, the magnitude adjustments would always result in 
Signals having a Smaller amplitude than the input Signal 
under common matching conditions. In Situations where the 
input Signal level is low, it is generally preferred to magnify 
the input Signal through the phase shifter. This may be 
achieved by realising the weighting circuit as a current 
Steering amplifier in a Gilbert Cell configuration, as illus 
trated in FIG. 4. 

Turning to FIG. 4, the weighting circuit 112 of phase 
shifter 100 comprises first, second, and third bipolar differ 
ential pairs 150, 152, and 154. The base of one amplifier 
156, 158 of each of the first and second differential pairs 
150, 152 is connected to input line 114a and the base of the 
other amplifier 160, 162 of each of the first and second 
differential pairs is connected to input line 114b which 
receives an inverted version of an input signal on line 114a. 
The emitters of the first differential pair 150 are connected 
to the collector of one amplifier 164 of the third differential 
pair 154 and the emitters of the second differential pair 152 
are connected to the collector of the other amplifier 166 of 
the third differential pair 154. The emitters of the third 
differential pair are connected to a current Source 168 and 
the bases of the third differential pair are input by differential 
control signal lines 116a, 116b (i.e., for a given control 
Signal on line 116a, an inverted version of the control Signal 
appears on line 116b). 
The collector of amplifier 156 is connected to an output 

line 118a coupled to a resistor-inductor-capacitor (RLC) 
circuit 170a. The collector of amplifier 160 is connected to 
an output line 118b which is coupled to RLC circuit 170b. 
The collector of amplifier 158 is connected to an output line 
120a which is coupled to RLC circuit 172a and the collector 
of amplifier 162 is connected to an output line 120b which 
is coupled to RLC circuit 172b. Each RLC circuit may be 
arranged as a parallel circuit as illustrated in FIG. 5 or as a 
Series circuit, or two of the circuit elements may be in Series 
with the third in parallel. AS another option, it may be 
possible to dispense with the resistor in the RLC circuits 
illustrated in FIG. 5 as even in the absence of a resistor there 
will generally be parasitic resistances in this circuit. RLC 
circuits 170a and 170b are resonators tuned to the same 
frequency, which frequency is below that of the frequency of 
a signal intended to input the phase shifter and RLC circuits 
172a and 172b are resonators tuned to same frequency, 
which frequency is above that of the frequency of a signal 
intended to input the phase shifter. Output lines 118a and 
120a are Summed in a Summing circuit as are output lines 
118b and 120b. FIG. 6 illustrates an example summing 
circuit: output lines 118a and 120a input two transistors on 
one side of a differential pair 180 which outputs online 128a 
and output lines 118b and 120b input two transistors on the 
other side of differential pair 182 which outputs on line 
128b. The collectors of the two sides of the Summing circuit 
have resonant loads 130a, 130b at the frequency of the input 
Signal to limit out-of-band gain (which represents noise and 
unwanted signals and harmonics). 

In operation of phase shifter 100, with a differential input 
signal on lines 114a, 114b to the first and second differential 
pairs 150, 152, a differential control signal on lines 116a, 
116b of the third differential pair 154 determines the gain, in 
a complementary fashion, of the first and Second differential 
pairs. The gain of the first and Second differential pairs is 
complementary in that the third differential pair acts as a 
Selectable current divider for the current Source on its 
emitter. The Selected gain version of the input signal for the 
first differential pair appears on line 118a and, in inverted 
form, on line 118b. Resonators 170a and 170b retard the 
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4 
phase of the signals on lines 118a and 118b to the same 
extent. Similarly, the Selected gain version of the input Signal 
for the Second differential pair appears on line 120a and, in 
inverted form, on line 120b, resonators 172a and 172b 
advance the phase of the signals on lines 120a and 120b to 
the same extent. 
By Summing signals on lines 118a and 120a and on lines 

118b and 120b, two phase shifted signals are available at the 
output of the Summing circuit, one which is inverted with 
respect to the other (i.e., one which is 180° out of phase with 
respect to the other). By providing inverted Signals at the 
output of the Summing circuit, a greater range of phase shifts 
is available at the output. This is desirable for some 
applications, Such as filter-based clock recovery circuits, 
which require a large phase shifting range. 
AS will be appreciated by those skilled in the art, many 

other arrangements are possible for the Summoning circuit. 
While the input lines 114a, 114b (FIG. 4) have been 

described as differential inputs, as an option, a (DC) signal 
reference may be applied to one of the input lines instead of 
a complementary Signal. Similarly, a signal reference may 
be applied to one of the control lines 116a, 116b (FIG. 4) in 
place of a complementary Signal. 
The phase shifter may be fabricated with heterojunction 

bipolar transistors (HBTs) preferably in the gallium arsenide 
(GaAS) System as Such transistors are capable of operating 
at very high frequencies. An added advantage of this System 
is that Semi-insulating (SI) Substrates are used which facili 
tates the production of high quality inductors. By using 
tuned amplifiers instead of RC networks to achieve two 
Signals with a predetermined phase shift and amplitude prior 
to vector Summing, the phase shifter 100 can be operated 
close to the frequency limits of the HBT, which is much 
higher than the frequency limits of an RC phase-splitting 
network and GCM combination fabricated by the same HBT 
process for the same phase range and gain. 

In an exemplary embodiment, the phase shifter 100 is 
used in a SONET OC-192 clock recovery circuit where the 
clock has a nominal frequency of 10 GHz. In Such case, 
resonators 170a, 170b may be tuned to 8.4 GHz and reso 
nators 172a, 172b may be tuned to 11.6 GHz. The phase 
difference between a signal on line 118a and on line 120a 
will then be greater than 93° at 10 GHz. 

In a modified form of the phase shifter of FIG. 4, the 
components may be realised as FET components rather than 
bipolar components. In Such case, it is preferred to use high 
frequency devices and high Q passive components as are 
available in a GaAS MESFET or high electron mobility 
transistor (HEMT) process. 

It will be apparent that phase shifter 100 is compatible 
with monolithic integration without using variable imped 
ance elements Such as resistors and/or capacitors. It will also 
be apparent that the phase shifter of this invention is 
controllable electronically via a control Signal on line 16 
(FIG. 1) or lines 116a, 116b (FIG. 4). This adapts the phase 
shifter for use in Such applications as phase shift oscillators 
and phase modulators. AS well, where the weighting circuit 
is a gain Stage, as the embodiment of FIG. 4, the phase 
shifter is well adapted for use in implementing a phased 
array. 
As will be appreciated by those skilled in the art, the 

circuits shown and described will, for practical reasons, Such 
as for the purposes of biasing, gain Stability and thermal 
Stabilisation, include other circuit elements, which have not 
been shown. 

Modifications will be apparent to those skilled in the art 
and, therefore, the invention is defined in the claims. 
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What is claimed is: 
1. A phase shifter for an input signal, comprising: 
a first resonator tuned to a frequency less than that of Said 

input Signal; 
a Second resonator tuned to a frequency higher than that 

of Said input Signal; 
a weighting circuit for, responsive to a control Signal, 

applying a magnitude adjusted form of Said input Signal 
to each of Said first resonator and Said Second resonator; 

a Summing circuit for Summing an output of Said first 
resonator and an output of Said Second resonator to 
obtain a phase shifted output signal. 

2. The phase shifter of claim 1 wherein Said weighting 
circuit comprises a first amplifier for applying a Selectable 
first gain to Said input Signal to obtain a first gain Signal 
which is applied to Said first resonator and a Second amplifier 
for applying a Selectable Second gain to Said input signal to 
obtain a Second gain Signal which is applied to Said Second 
reSOnator. 

3. The phase shifter of claim 2 wherein said weighting 
circuit comprises a current Steering amplifier input with Said 
input Signal and one of an inverted form of Said input Signal 
and a reference Signal. 

4. The phase shifter of claim 1 wherein said first resonator 
comprises a resistor-inductor-capacitor (RLC) circuit and 
wherein Said Second resonator comprises an RLC circuit. 

5. The phase shifter of claim 4 wherein each amplifier of 
Said current Steering amplifier comprises one of a bipolar 
transistor and a FET. 

6. The phase shifter of claim 5 wherein said first resonator, 
Said Second resonator, Said current Steering amplifier, and 
said Summing circuit are each fabricated on a monolithic 
integrated circuit. 

7. The phase shifter of claim 1 including: 
a third resonator tuned to Said frequency less than that of 

Said input signal; 
a fourth resonator tuned to Said frequency higher than that 

of Said input Signal; 
and wherein Said weighting circuit comprises a circuit 

having 
a first differential pair, one amplifier of said first differ 

ential pair input with Said input signal and outputting to 
Said first resonator, another amplifier of Said first dif 
ferential pair input with one of an inverted form of said 
input signal and a reference Signal and outputting to 
Said third resonator; 

a Second differential pair, one amplifier of Said Second 
differential pair input with Said input signal and out 
putting to Said Second resonator, another amplifier of 
Said Second differential pair input with one of an 
inverted form of Said input signal and a reference Signal 
and outputting to Said fourth resonator; and 
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a third differential pair input with Said control Signal and 

with a Source of current, one amplifier of Said third 
differential pair outputting to Said first differential pair 
and another amplifier of said third differential pair 
outputting to Said Second differential pair. 

8. The phase shifter of claim 7 wherein each of said first 
resonator, Said Second resonator, Said third resonator, and 
Said fourth resonator comprises a resistor-inductor-capacitor 
(RLC) circuit. 

9. The phase shifter of claim 8 wherein said Summing 
circuit comprises two differential pairs, one pair differen 
tially input with an output of Said first resonator and an 
output of Said Second resonator and another pair differen 
tially input with an output of Said third resonator and an 
output of Said fourth resonator, Said Summing circuit having 
a Summing output and an inverted Summing output. 

10. The phase shifter of claim 9 wherein said Summing 
circuit comprises a resonator loading each of Said two 
differential pairs, each said resonator resonating proximate a 
center frequency of Said input signal. 

11. A phase shifter for an input Signal, comprising: 
a first resonator tuned to a frequency less than that of Said 

input Signal; 
a Second resonator tuned to a frequency higher than that 

of Said input Signal; 
a weighting circuit for, responsive to a control Signal, 

weighting Said input Signal with a first weighting and 
applying Said input signal weighted by Said first 
weighting to a first output loaded with Said first reso 
nator and weighting Said input signal with a Second 
weighting and applying Said input Signal weighted by 
Said Second weighting to a Second output loaded by 
Said Second resonator; 

a Summing circuit for Summing Said first output and Said 
Second output to obtain a phase shifted output Signal. 

12. A phase shifter for a high frequency input Signal, 
comprising: 

a steering amplifier circuit for inputting with Said high 
frequency input signal and with a phase shifting control 
Signal; 

a first resonating circuit for resonating at a frequency leSS 
than that of Said high frequency Signal, Said first 
resonating circuit loading a first output of Said Steering 
amplifier; 

a Second resonating circuit for resonating at a frequency 
greater than that of Said high frequency Signal, Said 
Second resonating circuit loading a Second output of 
Said Steering amplifier; 

a combining circuit coupled to Said first Steering amplifier 
output and Said Second Steering amplifier output. 

k k k k k 
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